The effects of the administration of molecular hydrogen-saturated drinking water (hydrogen water) on hepatic gene expression were investigated in rats. Using DNA microarrays, 548 upregulated and 695 downregulated genes were detected in the liver after 4 weeks of administration of hydrogen water. Gene Ontology analysis revealed that genes for oxidoreduction-related proteins, including hydroxymethylglutaryl CoA reductase, were significantly enriched in the upregulated genes.
Molecular hydrogen has a potent antioxidant effect against hydroxyl radicals, which may be involved in tissue protection from oxidative stress in vivo. 1, 2) Drinking molecular hydrogen-saturated water (hydrogen water) prevented atherosclerosis development in apolipoprotein E knockout mice, 3) but its effect on gene expression in normal animals is still unclear. To determine the effects of hydrogen water consumption on gene expression comprehensively, we conducted experiments using DNA microarray technology.
The animal experiments were performed by Mercian Cleantec (Fujisawa, Japan). In brief, 4-week-old male Sprague-Dawley rats were acclimatized for 4 d in a room maintained at 24 AE 3 C at a relative humidity of 55 AE 15% under a 12-h light-dark cycle (lights on at 7:00, off at 19:00), and were fed a commercial diet ad libitum (MF, Oriental Yeast, Yokohama, Japan). After acclimatization, the rats were divided into two groups (n ¼ 8 per group) with similar mean body weights. During a period of 4 weeks, one group (control group) was supplied sterilized distilled water and the other (HW group), hydrogen water produced by MiZ Co., Ltd. (Fujisawa, Japan), which contains 0.7 mM dissolved hydrogen (pH 7.4). All the animals drank water ad libitum. After 4 weeks, the rats were anesthetized with diethyl ether and blood samples were collected from the abdominal aorta. The liver was then immediately excised, frozen in liquid nitrogen, and stored at À80 C until use. All the animal experiment protocols were in accordance with the ''Guidelines for Animal Experimentation of the Japanese Association for Laboratory Animal Science,'' and were approved by the Animal Use and Care Committee of Mercian Cleantec Corporation.
Body weight and water intake showed no significant between-group differences during the 4-week administration period (data not shown). As an index of hepatic and plasmic lipid peroxidation, thiobarbituric acid reactive substances (TBARS) were measured by the Material Research Center (Kisarazu, Japan) using a Bioxytech LPO-586 kit (Percipio Biosciences, Foster City, CA), and were compared across groups. The values were represented as mean AE SE (n ¼ 8), and differences were examined by Student's t-test at a significance threshold of p < 0:05. TBARS were significantly lower in the HW group (0:177 AE 0:006 nmol malondialdehyde/mg protein) than in the control group (0:217 AE 0:016 nmol malondialdehyde/mg protein), suggesting that oxidative stress was reduced in the HW group. In addition, plasmic TBARS values, 0:176 AE 0:028 mM and 0:151 AE 0:021 mM in the control and the HW group respectively, were not significantly different from each other at p < 0:05. Four liver samples with approximately average levels of hepatic TBARS were selected from each group and subjected to DNA microarray analysis.
Total RNA was prepared from the liver samples, and DNA microarray analysis was performed as described previously.
4) The raw microarray data (CEL files) were quantified using Factor Analysis for Robust Microarray Summarization (FARMS) 5) with the statistical language R 6) and Bioconductor. 7) All microarray data were submitted to the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/, GEO Series ID GSE26363). Hierarchical clustering analysis revealed y To whom correspondence should be addressed. Tel: +81-3-5841-1128; Fax: +81-3-5841-1127; E-mail: aynakai@mail.ecc.u-tokyo.ac.jp Abbreviations: DEGs, differentially expressed genes; FARMS, factor analysis for robust microarray summarization; FDR, false discovery rate; GO, Gene Ontology; HMG, hydroxymethylglutaryl; RP, rank products; TBARS, thiobarbituric acid reactive substances that each group formed a distinct cluster (Fig. 1) , indicating that the gene expression profiles differed between the HW and the control group.
To determine the specific effects of hydrogen water on gene expression, differentially expressed genes (DEGs) between the two groups were identified by applying the rank products (RP) method 8) to the FARMS quantified data. A recent study reported that the RP method together with a FARMS preprocessing algorithm was one of the best combinations for accurate DEG detection. 9) With the false discovery rate (FDR) significance < 0:05, 548 upregulated and 695 downregulated genes were selected.
To identify over-represented Gene Ontology (GO) terms in the selected genes, a functional annotation tool of the Database for Annotation, Visualization, and Integrated Discovery (DAVID; http://david.abcc. ncifcrf.gov/) 10) and QuickGO 11) were used. GO terms with Benjamini and Hochberg FDR 12) -corrected pvalues < 0:1 were regarded as significantly enriched. Using these criteria, no significantly enriched GO terms were present in the downregulated gene set. The significantly enriched GO terms for genes that were upregulated by hydrogen water treatment are summarized in Table 1 . The enriched GO term with the lowest p-value was oxidation-reduction, which reflects many genes that encode oxidoreductase proteins involved in steroid metabolism, such as Cyp27a1, Hsd17b6, and Sc5dl, and amino acid metabolism, such as Cdo1, Glud1, and Prodh (Fig. 2) . Moreover, genes related to the sterol biosynthetic process, cellular carbohydrate biosynthetic process, glycogen metabolic process, and coenzyme metabolic process were also over-represented in the upregulated gene set ( Table 1 ). These GO terms shared genes for key proteins, including Gck, G6pc, and Hmgcr (Fig. 2) . Notably, the genes involved in the cholesterol biosynthetic pathway, including rate-limiting enzyme hydroxymethylglutaryl (HMG)-CoA reductase (Hmgcr), were also significantly upregulated (Fig. 2) .
Administration of hydrogen water to apolipoprotein E-knockout mice has been reported to suppress atherosclerosis, perhaps due to delayed very low-and low-density lipoprotein oxidation and phagocytosis. 3) Decreases in serum cholesterol might also induce upregulation of the sterol synthesis genes. For example, rats fed soybean protein-containing diets showed decreased serum cholesterol levels and significantly increased hepatic expression of the genes encoding sterol-catabolic proteins, including HMG-CoA reductase. 13 ) Actually, we observed that primary bile acid synthesis pathway-and steroid hormone biosynthesis pathway-related genes such as Cyp27a1, Cyp3a2, and Hsd17b6 (Fig. 2) were upregulated in the HW group. This result suggests that cholesterol catabolism was promoted by hydrogen water administration, resulting in upregulation of the genes for cholesterol synthesis.
Our major finding in the present study was that drinking of hydrogen water altered the hepatic gene expression profile. Taken together with previous studies, the hepatic oxidoreduction-related gene upregulation observed in this study appears to confirm the findings reported to date [1] [2] [3] concerning the antioxidant effect of Complex interdependencies between categories sharing differentially expressed genes were observed. The genes are represented as gene symbols.
